ABSTRACT: Cu and Zn concentrations in the gills of the Antarctic scallop Adamussiurn colbeck! (Smith, 1902) were found to be significantly lower than in the gills of mussel Mytilus galloprovincialis (Lam ) and scallop Pecten jacobaeus (L.); however, the Cd concentration was significantly higher. In digestive gland, copper concentrations were not significantly different for all 3 species, but A. Colbecki had a lower Zn concentration and an extremely high Cd concentration (ca 27 pg g-' wet wt). In A. colbeckidigestive gland, about 70 % of the total Cd was associated w t h the particulate fraction, and the rest was mostly bound to a metallothionein-type protein. In P. jacobaeus a major fraction (about 60 %) of the Cd present in the digestive gland was bound to cytosolic metallothioneins. Aging was found not to affect the concentration of Cd bound to metallothioneins in A. colbecki digestive gland, although the Cd concentration is slightly reduced in scallops > 10 yr old compared to younger (3 to 7 yr old) scallops.
INTRODUCTION
The mechanisms of heavy metal cation homeostasis in cells of marine lamellibranch molluscs have been widely investigated (Coombs 1980 , Viarengo 1989 . These filter feeding organisms are known to accumulate high concentrations of heavy metals (such as Cu, Cd, Zn and Hg) in their tissues. This is due to the fact that in the cells of these organisms heavy metal cations can be rapidly detoxified by different mechanisms, i.e. compartmentalization into lysosomes, accumulation into granules and membrane-bound vesicles or binding to specific soluble ligands such as metallothioneins (Viarengo 1989 , George & Viarengo 1985 , Viarengo & Nott 1993 . Metallothioneins are a class of metal-rich, low-molecular-weight, cysteine-rich proteins, with high affinity and binding capacity for heavy metal cations. These biochemical characteristics make them unique in playing a primary role in regulating the concentration of free heavy metal ions in the cells (Kagi & Kojima 1987) . Little is known, however, about the mechanisms of metal homeostasis and about the role of metallothioneins in Antarctic marine organisms which have adapted evolutionally to peculiar environmental conditions (including low temperature, high levels of dissolved oxygen and characteristic photoperiod).
In t h s work both the heavy metal content and the level of metallothioneins in the tissues of the Antarctic scallop Adamussiurn colbecki (Smith, 1902) were evaluated. The results were compared to data obtained from the Mediterranean molluscs Pecten jacobaeus (L.) and Mytilus galloprovincialis (Lam.) . In addition, the effect of aging on metal and metallothionein content in the digestive gland cells of the Antarctic scallop was studied.
MATERIALS AND METHODS

Molluscs. Specimens of Mytilus galloprovincialis
(6 cm shell length) and Pecten jacobaeus (6 cm shell length) were obtained from La Spezia and Chioggia (Mediterranean Sea), respectively, in October 1990.
Specimens of Adamussium colbecki of the same size, corresponding to ca 7 yr old individuals, were obtained from Terranova Bay (74" S, 163"E; Antarctic Ross Sea). Tissues from pools of 8 to 10 individuals were dissected and immediately frozen at -70 "C.
In the analysis concerning the effects of aging on Cd and metallothionein content, specimens of Adamusslum colbecki of 3 different sizes corresponding to different-aged animals (Stockton 1984 ) (3-4, 6-7, 2 10 yr) were utilized. All Antarctic scallops were sampled during austral summer (January) 1990.
An experiment involving exposure to Cd was also performed in order to obtain a Cd-thionein enriched fraction from the tissues of Mytilus galloprovincialis. Mussels 6 cm long were kept for 3 d in a n aquarium in static tanks containing aerated, EDTA-free artificial sea water (1 1 per mussel) at 15°C . Mussels were then exposed to Cd (200 pg ind:' I-') for 9 d. During the experiments the artificial sea water and the metal, added in the form of CdCl, stock solutions, were changed daily.
Preparation of subcellular fractions. Tissues were homogenized in 3 volumes of 0.5 M sucrose, 150 mM NaC1, 20 mM Tris-HC1 pH 8.6, 0.006 mM leupeptine, 0.5 mM PMSF (phenylmethylsulphonyl fluoride) and 1 mM DTT (dithiothreitol). The homogenate was then centrifuged at 100000 X g for 90 min at 0 to 4 "C to obtain the cytosolic fraction. The pellet, containing the particulate fraction, was washed once with homogenization buffer, resuspended in the same buffer, and utilized for the determination of Cd content.
Metallothioneins were partially purified by heating the cytosol at 60°C for 10 min in the presence of 1 mM DTT. Samples were then centrifuged at 20 000 X g for 15 min at 0 to 4 "C; the supernatant contained metallothionein. Before HPLC (high performance liquid chromatography) analysis, the samples were treated with ethanol as described by Kimura et al. (1979) to remove low-molecular-weight soluble thiols.
The pellet obtained by this procedure was washed once with 5 mM K-phosphate buffer, pH 7.4, resuspended with the same buffer and used to measure the metal bound to heat-denaturated cytosolic proteins.
Determination of Cd, Zn and Cu by inductively coupled plasma -atomic emission spectroscopy (ICP-AES). Determination of the metal content in whole homogenates and in the different subcellular fractions was performed by ICP-AES utilizing a Jobin Yvon (JY24) apparatus at a wavelength of 324.754 nm for Cu, 213.856 nm for Zn, and 214.438 nm for Cd. The samples (aliquots of 1 m1 homogenate, cytosolic fraction, or particulate fraction) were hydrolyzed with 2 m1 of 65 % HNO, at 70 "C for 2 h as described previously (Viarengo et al. 1988) . The emission intensity of the samples was evaluated at a wavelength typical of each metal. The metal concentration was calculated with the standard addition method (SMA), utilizing another set of samples to which known amounts of Cu, Zn, Cd had been added (final concentrations ranging from 0.05 to 2 ,ug m]-') to give a linear response under ICP-AES. A standard reference material, oyster tissue (NBS 1566), was included in the analyses as a quality control sample. This standard was treated in the same manner as other samples. The NBS oyster standard, with certified concentrations (pg g-' dry wt) of Cd 3.5, Cu 63, and Zn 852, was found to contain Cd 3.7 +_ 0.15, Cu 65 2 1.2, and Zn 860 +_ 5.1 (mean of quadruplicate determinations f SD).
Evaluation of metallothionein content. Metallothioneins were separated by HPLC on an Ultropac TSK G3000 SW gel filtration column (LKB Pharmacia), using as an eluent 5 mM K-phosphate buffer pH 7.4, at a flow rate of 0.7 m1 min-l. The elution of the protein was monitored at 280 or 254 nm with a Varian Star 9065 Polychrom Ultraviolet Diode Array detector and the metal content evaluated by directly connecting the chromatographic column to the torch of the ICP system (Mazzucotelli et al. 1991) . Metallothioneins are characterized by a low absorbance at 280 nm, with a broad shoulder at 254 nm (Cd-thioneins; see Fig. 1C ) or 272 nm (Cu-thioneins) (Stillman et al. 1987) .
Alternatively, the column was connected to a n electrochemical detector (Waters 460) set at +0.4 V to evaluate the sulphydrylic (SH) group content in the eluate. Metallothioneins, which bind large amounts of heavy metal cations by the formation of tetrathiolate clusters, can be identified by their extremely high thiol content (20 to 30% cysteine) compared to other proteins.
The system was calibrated utilizing standard rabbit liver Cd,Zn-thionein, bovine erythrocyte Cu,Zn superoxide dismutase (SOD) and soluble low-molecularweight thiols (cysteine and reduced glutathione).
Statistical analysis. Data, representing the means k SD of 6 experiments, each consisting of triplicate samples, were compared by either Mann-Whitney U-test or Student's t-test (Siege1 1956).
Materials. All reagents were of analytical or HPLC grade. Rabbit liver Cd,Zn-thionein (M-7641), bovine erythrocyte superoxide dismutase (EC 1.15.1.1). (S-2515), reduced glutathione (GSH) (G-4251) and L-cysteine (C-7755) were from Sigma Chimica (Milano, Italy).
RESULTS
The results presented in Table 1 show that in the gills of Adamussium colbecki the concentration of Cu was lower than in those of Pecten jacobaeus and Mytilus gal~oprovincialis (p 10.05). The Zn content was lower in with those obtained from the digestive gland of Cd-exposed mussels in which, as previously demonstrated, cytosolic Cd is mostly bound to a metallothionein (Frankenne et al. 1980 , Viarengo 1989 . Soluble extracts obtained from scallop and mussel digestive gland were analyzed by HPLC on a gel filtration column. The system was opportunely calibrated with a mixture of standard rabbit liver Cd.Znthionein, superoxide dismutase (SOD), reduced glutathione (GSH) and cysteine. both the scallops than in mussels (p10.002 and p 10.001, Fig. 1 shows the chromatograms obtained by detecting respectively). On the other hand, in A. colbecki Cd tisthe W absorbance (Panel A) and the Cd and Cu content sue content was significantly higher than in M. gallo-(Panel B) in the eluate. In Panel C the typical UV abprovincialis (p 10.01) and P. jacobaeus (p 10.001).
sorbance spectrum of the standard Cd,Zn-thionein peak Con~parable values of Cu were observed in the is shown. Fig. 1A also indicates that the GSH peak digestive gland of the 3 different molluscs. As in the elutes close to the metallothionein peak. Therefore, gills, the Zn concentration was lower in the 2 Pecsamples were treated with organic solvents prior to intinidae than in mussels. In the digestive gland of jection into the column, to remove possible interference Adamussium colbecki, an extremely high Cd concenof low-molecular-weight thiols (Kimura et al. 1979) tration was found (about 4 times higher than in Pecten
In Fig. 2 the chromatograms for the HPLC separation jacobaeus and 7 times higher than in Mytilus galloof metallothionein obtained from the digestive gland provincialis) (plO.OO1). Such a large amount of Cd has of Cd-exposed Mytilus galloprovincialis and nonbeen previously reported in the digestive gland of exposed Adamussium colbecki and Pecten jacobaeus mussels (M. galloprovincialis) exposed for 3 d to Cd are presented. When cytosolic extracts of gills and (200 pg 1-' ind:') .
digestive gland of Cd-exposed mussels are analyzed by Data reported in Table 2 demonstrate that in the digel filtration chromatography, a large Cd-thionein peak gestive gland of Adamussium colbecki about 70 % of is usually resolved, corresponding to 10 000 daltons the total Cd was associated with the particulate fracmolecular weight (Frankenne et al. 1980, Viarengo et al. tion , whereas the remaining 30 % was present in the 1985). The eluates were monitored by a diode array cytosol and mainly bound to a specific soluble, heatdetector to evaluate the absorbance at 280 nm and by stable protein fraction. In Pecten jacobaeus about 60 % ICP-AES to detect Cu and Cd content (Fig. 2 , Panels lA, of the Cd present in the digestive gland was bound to 2A & 3A). The absorption spectra of the 3 Cd-proteins a soluble metalloprotein.
are also shown (Fig. 2 , Panels lB, 2B & 3B). In addition, the distribution of the SH residues of the peptides was from the digestive gland of non-exposed Adamussium colbecki and Pecten jacobaeus. Moreover, the low UV absorption spectra were similar and typical of Cdthioneins, due to the virtual lack of aromatic amino acids, with a maximum at 254 nm due to the presence of Cd-tetrathiolate clusters. Finally, the data obtained by electrochemical detection show that the Cd-protein from A. colbecki and P. jacobaeus, similarly to the Cd-thionein from mussel digestive gland, has an extremely high sulphydryl content, characteristic of metallothioneins.
In Table 3 data are presented on total and thioneinbound Cd in the digestive gland of Adamussium colbecki of 3 different ages (3-4, 6-7, > l 0 yr). The results indicate that the Cd concentration is higher in smaller and younger, growing individuals than in larger, older ones, although the difference is not statistically significant. However, the percentage of thionein-bound Cd is significantly higher in > 10 yr old individuals (36 %) than in younger ones (about 24 %) (p 5 0.01 MannWhitney U-test).
DISCUSSION
The data demonstrate that the gills and digestive gland of the 3 molluscs, Adamussium colbecki, Pecten jacobaeus, and Mytil us galloprovincialis) contain different but comparable concentrations of essential elements such as Cu and Zn. The observed differences in metal content could reflect requirements of essential heavy metals specific for the 3 molluscs, but they could be also interpreted as seasonal fluctuations due to the different physiological status of the animals (reproductive cycle, food intake). Indeed, in both scallops and mussels the heavy metal tissue concentration can vary by about 2 to 3 times among the different seasons (Bryan 1973 , Martino 1987 .
The concentration of Cd, a metal usually considered an environmental contaminant, is extremely high in the tissues of the Antarctic mollusc Adamussium colbecki relative to the 2 Mediterranean species. High Cd levels in the digestive gland of scallops from United Kingdom waters have previously been reported (Bryan 1973 , Stone et al. 1986 ). In the digestive gland of the 2 scallops, higher concentrations of Cd are associated with lower Zn levels. The blue mussel Mytilus edulis is often utilized in monitoring programs due to its ability to concentrate pollutants and, among these, heavy metals such as Cd, Hg and Pb . However, this organism shows gill and digestive gland Cd levels which are significantly lower than those observed not only in the Mediterranean but also in the Antarctic scallop.
The fact that the digestive glands of Pectinidae from both temperate and Antarctic seas contain such a large amount of Cd, as also indicated by the total Cd body burden (Berkman & Nigro 1992) , appears likely to be related to their high feeding rates (Palmer & Rand 1977) . Indeed, the data concerning the Cd tissue distribution seem to indicate that in these molluscs most of the metal is taken up with the food, since the metal concentration is low in the gills and extremely high in the digestive gland. In Cu-exposed mussels copper, when present as a solute in the sea water, is mainly accumulated in the gills. In contrast, the metal concentration increases more rapidly in the digestive gland when copper is present in the sea water associated with particulate matter (Viarengo unpubl.) .
Moreover, data on metal content of the plankton and particulate fraction from the Mediterranean (Baffi et al. 1983 ) and the Antarctic Ross Sea (Frache et al. 1990) show that the ratio between Cd and some essential metals such as Fe, Cu and Zn is higher in the Antarctic samples.
These data seem to confirm the possibility that the high Cd concentration found in the digestive gland of Adamussium colbecki could reflect a 'physiological' accumulation of Cd with its food.
Regarding the subcellular distribution of Cd, in the digestive gland cells of the 2 Pectinidae this metal is partly associated with the particulate fraction and partly present in the cytosol. However, it is important to note that cytosolic Cd is mostly bound in a nontoxic form to a protein which is classed with the metallothioneins. In fact, this Cd-binding protein has some typical characteristics of metallothioneins, i.e. it is a soluble, low-molecular-weight, heat-stable protein with high metal content. Moreover, the absorption spectra of the Cd-protein obtained by diode array detection during HPLC gel filtration are typical of metallothionein, as they have a maximum at 254 nm and are almost identical to the absorption spectrum of the Cd-thionein obtained from Cd-exposed mussels (George et al. 1979 , Frankenne et al. 1980 . In addition, the Cd protein present in the 2 Pectinidae, The data on the subcellular distribution of Cd in the digestive gland seem to demonstrate that in the 2 Pectinidae the compartmentalization of Cd in the cell particulate fraction could represent a second mechanism of Cd ion homeostasis (in Adamussiurn colbecki it accounts for about 70 % of total Cd). Recent data, obtained by electron microscopic analysis of A. colbecki digestive gland did not show Cd-containing granules (Mauri et al. 1990 ). Therefore, the possibility that Cd is associated with membrane components also cannot be ruled out at present. Different authors have recently proposed that Cd could play some physiological role in molluscs (Evtushenko et al. 1990 , Wlostowski 1992 . Considering that in the digestive gland of both Pectinidae the high Cd concentration is associated with low Zn levels, it could be argued that, in these organisms, Cd plays some physiological role by substituting for Zn in digestive gland cell structures and/or enzymes.
Finally, in Adamussium colbecki the total Cd content of the whole digestive gland is higher in larger (2 10 yr) individuals than in smaller (3 to 4 yr) ones, being proportional to the digestive gland weight (data not shown). On the other hand, Cd concentration (expressed as pg g-' wet wt) is lower in older A. colbecki, which is probably related to lower feeding rates.
Usually Cd, due to its long biological half-life, (5 to 6 mo in mussels; Viarengo et. a1 1985) , is accumulated in scallop tissues with increasing age (Evtushenko et al. 1990 ). However, as mentioned before, seasonal factors can influence metal metabolism in marine organisms. In particular, plankton and particulate matter that constitute the diet of these animals are particularly rich in Cd in the Antarctic Ross Sea. The animals utilized in this study were sampled during the austral summer, when food uptake is presumably very high. Therefore, it seems that the influence of seasonal factors could be stronger than that of aging in determining the accumulation of Cd in the tissues of Antarctic scallops.
